Abstract: California experienced an extraordinary drought from 2012-2015 (which continues into 2016). This study, from an operational perspective, reviewed the development of this drought in a hydroclimatic framework and examined its characteristics at different temporal and spatial scales. Observed and reconstructed operational hydrologic indices and variables widely used in water resources planning and management at statewide and (hydrologic) regional scales were employed for this purpose. Parsimonious metrics typically applied in drought assessment and management practices including the drought monitor category, percent of average, and rank were utilized to facilitate the analysis. The results indicated that the drought was characterized by record low snowpack (statewide four-year accumulated deficit: 280%-of-average), exceptionally low April-July runoff (220%-of-average deficit), and significantly below average reservoir storage (93%-of-average deficit). During the period from 2012-2015, in general, water year 2015 stood out as the driest single year; 2014-2015 was the driest two-year period; and 2013-2015 tended to be the driest three-year period. Contrary to prior studies stating that the 2012-2015 drought was unprecedented, this study illustrated that based on eight out of 28 variables, the 2012-2015 drought was not without precedent in the record period. Spatially, on average, the South Coast Region, the Central Coast Region, the Tulare Region, and the San Joaquin Region generally had the most severe drought conditions. Overall, these findings are highly meaningful for water managers in terms of making better informed adaptive management plans.
Introduction
Drought is an economically and environmentally disruptive natural hazard typically characterized by deficits in water resources. Different from other natural hazards including floods, hurricanes, and earthquakes, drought is a gradual hazard with a slow onset but can last for months to years and cover extensively large areas [1] [2] [3] . Drought affects millions of people and causes widespread damages in the world every year [1] . In the United States alone, drought causes an annual loss of $6-8 billion on average [4, 5] . The specific impacts of drought vary from region to region depending on regional resilience and coping capacities [6] . Advanced management practices are required to mitigate the adverse impacts of drought, which is particularly the case for dry areas including the state of California. Foremost in these practices is to understand the characteristics of drought events from an operational perspective. This understanding is critical in guiding drought response actions.
As a state with over 38 million people and a globally important economy, California is prone to drought with frequent drought events recorded. The most noticeably previous drought periods include 1929-1934, 1976-1977, 1987-1992, and 2007-2009 . Currently, the state is in the fifth year of another prolonged drought originating in 2012. The first four years (2012) (2013) (2014) (2015) of the drought stand out as June/July/August (June-August) Palmer Drought Severity Index (PDSI) [29] , the 2012-2014 drought was the worst in the analysis period (800-2014) while 2014 was the driest year in at least the past 1200 years; (2) evaluating precipitation deficits, however, the conditions in 2014 and 2012-2014 were not unique in the analysis period. In contrast, using the same raw PDSI reconstructions but with different spatial average and bias correction procedures, Robeson [30] observed that based on June-August PDSI, the 2014 drought had a return period of 140-180 years, the 2012-2014 drought was almost a 10,000 year event, and the 2012-2015 drought was unprecedented with a nearly incalculable return period. In spite of having strikingly different findings, both studies shared a number of limitations including (1) the PDSI is determined from precipitation and temperature data. While both variables are indispensable in drought analysis, they need to be considered together with other variables including streamflow, snowpack, reservoir storage, and groundwater level; (2) the wet season of California is typically from November to April (rather than June-August) when the majority of the annual precipitation falls. The June-August PDSI may not be the most appropriate index in assessing the severity of the drought for California; (3) the results tend to be sensitive to the statistical methods employed. However, with significant theoretical implications in the research community, their practical meaning in terms of guiding real-world drought management operations seems to be circumscribed; (4) the study area is focused on Central and Southern California. Northern California is also important, particularly due to the fact that most of the state's annual precipitation and runoff occurs in the northern half of the state.
This study aims to present a comprehensive assessment of the 2012-2015 California Drought from an operational perspective. The study extends previous studies [28, 30] in the context of (1) examining typical hydroclimatic variables and operational drought assessment metrics applied in routine drought management practices; and (2) covering all hydrologic regions across the state including the Northern half. The study addresses the following science questions, which are critical for drought managers in making adaptive plans: (1) how does the 2012-2015 drought evolve in a hydroclimatic framework; (2) what are the temporal characteristics of the drought in a historical context at one-to four-year levels; and (3) what is the spatial pattern of the drought in terms of which regions have the most severe conditions and by what means? The rest of the paper is organized as follows. Section 2 describes the study variables and metrics employed. Section 3 presents the results and findings. Discussion and conclusions are provided in Section 4.
Materials and Methods

Study Variables
Due to its Mediterranean-like climate, California receives the majority (85%) of its annual precipitation in the wet season (November-April) and very limited (3%) precipitation in the summer (June-August) (refer to Figure A1 in the Appendix A) when the demand for water is typically the highest [31] . The orographic effects of the Cascade Range in the northern part of the state and the Sierra Nevada make much of the winter precipitation fall as snowfall on the windward side of the mountains. Snowmelt in late spring and early summer contributes to runoff in major rivers and groundwater recharge. Precipitation also varies in amount among regions, with the North Coast area receiving about 1223 mm annually on average while the Southeast Desert area receives only 156 mm. While most precipitation falls in the northern half, most of the state's population and farmlands are located in the southern half. To counter the spatially and temporally unbalanced supply versus demand on water, the state has traditionally relied on water storage and transfer projects including the State Water Project (SWP) and the Central Valley Project (CVP) to redistribute water resources following preset protocols along with current and projected hydroclimatic conditions. These projections are typically designed based on historical precipitation, runoff, groundwater level, and reservoir storage information.
The California Department of Water Resources (CDWR) divides the state into 10 major hydrologic regions (Table 1; Figure 1a ). Of these 10 regions, three regions in the Central Valley are of the primary interest from a water supply perspective: the Sacramento River Region (SAC), the San Joaquin River Region (SJQ), and the Tulare Lake Region (TUL). CDWR maintains a network of precipitation, streamflow and reservoir level gauges, snow courses and pillows, and groundwater wells within these regions along with a range of cooperating federal, local, and private agencies. CDWR relies on this network of stations to monitor water conditions year-around in the state. CDWR conducts quality control of raw measurements from this observational network along with cooperating agencies. Based on quality-controlled data, CDWR calculates a number of hydroclimatic indices (refer to access links provided in Appendix A) and uses them in water resource planning and management practices. Those indices include three precipitation indices, three runoff indices, and two water supply indices [32] . The precipitation indices include the Northern Sierra 8-Station Precipitation Index (8SI), San Joaquin 5-Station Precipitation Index (5SI), and Tulare Basin 6-Station Precipitation Index (6SI) (Figure 1a ; Table A1 ). These indices are calculated by averaging the precipitation recorded at corresponding amount of representative stations located in a specific region. The runoff indices include the SAC Four River Index (SAC4), SJQ Four River Index (SJQ4), and TUL Four River Index (TUL4). These four rivers in the SAC region are the Sacramento River above Bend Bridge (SBB), the Feather River (FTO), the Yuba River (YRS), and the American River (AMF); for the SJQ region, they are the Stanislaus River (SNS), the Tuolumne River (TLG), the Merced River (MRC), and the San Joaquin River inflow to Millerton Lake (SJF); four rivers in the TUL region include the Kings River (KGF), the Kaweah River (KWT), the Tule River (SCC), and the Kern River (KRI) (Figure 1c ). These indices are determined by summing the unimpaired full natural runoff (FNF) for four rivers of each of these three regions. The water supply indices include the Sacramento Valley 40-30-30 Index (SAC WYI) and the San Joaquin Valley 60-20-20 Index (SJQ WSI). The former (latter) is determined by summing up 40% (60%) of the current year's April through July SAC4 (SJQ4) unimpaired runoff, 30% (20%) of the current year's October through March SAC4 (SJQ4) unimpaired runoff, and 30% (20%) of the previous year's index with a cap of 10 (4) million acre-feet. 2011-2015) the reconstructed annual FNF to produce a hybrid annual FNF record. The hybrid dataset represents the best available flow data for these two regions in the context of record period (from 900 to 2015) and quality (using observed data in the instrumental period). This study focuses on the aforementioned operational hydroclimatic indices and variables. Specifically, when analyzing the development of the drought, the focus is on precipitation, runoff, snow water equivalent, reservoir storage (September), temperature, and groundwater level data. When assessing the temporal characteristics of the drought in a historical context, the groundwater level data are not considered due to limited availability of long-term relevant data. The variables considered are tabulated in Table 2 . When investigating the spatial characteristics, based on data availability, only In addition to those hydroclimatic indices, snowpack, reservoir storage, groundwater level, and reconstructed FNF data are also applied in water resource-related operations across the state. Winter snowfall mostly occurs in the high elevations of the three Central Valley regions. Most of the snow stations are therefore located in these regions (Figure 1b) . Snowpack is traditionally deemed to peak around 1 April [33, 34] . 1 April Snow Water Equivalent (A1 SWE) of the snowpack is typically used as the snow index to represent the annual peak snow condition. CDWR monitors the storage of 154 reservoirs with a total capacity of 47 billion m 3 across the state (Figure 1d ). The end of the (water) year reservoir storage is often used as an index in water supply planning operations. CDWR monitors groundwater levels with cooperating agencies semiannually (Spring and Fall) in a large number of wells mostly located in the Central Valley. The groundwater level information is critical for groundwater management practices. On top of field observations which are often characterized with a short record period (less than a century), CDWR also uses reconstructed flow data (from tree ring chronologies) for major watersheds in assessing flow variability over centuries to millennia in support of drought management. Particularly, reconstructed annual FNF for major rivers in the SAC region and the SJQ region from 900-2010 are available [35] . In this study, the observed annual FNF of these two regions in the instrumental period are used to replace (up to 2010) or supplement (from 2011-2015) the reconstructed annual FNF to produce a hybrid annual FNF record. The hybrid dataset represents the best available flow data for these two regions in the context of record period (from 900 to 2015) and quality (using observed data in the instrumental period).
This study focuses on the aforementioned operational hydroclimatic indices and variables. Specifically, when analyzing the development of the drought, the focus is on precipitation, runoff, snow water equivalent, reservoir storage (September), temperature, and groundwater level data. When assessing the temporal characteristics of the drought in a historical context, the groundwater level data are not considered due to limited availability of long-term relevant data. The variables considered are tabulated in Table 2 . When investigating the spatial characteristics, based on data availability, only precipitation, temperature, AJ FNF, annual FNF, and reservoir storage are considered. Reconstructed FNF data and groundwater level data are obtained from CDWR (http://www.water.ca. gov). Climate-divisional precipitation and temperature data are acquired from the National Centers for Environmental Information Climate Divisional Database (http://www.ncdc.noaa.gov) and converted to hydrologic-regional values using a simple (area-based) weighting method following our practical operations. Historical records of other data are obtained from the California Data Exchange Center (CDEC, http://www.cdec.water.ca.gov), an open-access CDWR data archive. It is worth noting that when examining the development and temporal characteristics of the drought, focus is placed on statewide conditions and the conditions over the Central Valley. When exploring the spatial characteristics of the drought, however, all ten hydrologic regions are considered. It should also be noted that detailed information on data sources and access links are provided in Appendix A. 
Study Metrics
Drought conditions are often quantified by drought indices which normally measure the departure of interested variables from their normal conditions according to their corresponding historical distributions. They often serve as a link between the data, the public, and decision-makers to understand, assess, and act in response to drought events. Numerous drought indices have been developed for the purposes of drought monitoring, assessment, and prediction [36] [37] [38] , ranging from parsimonious measures (e.g., percentiles or rank of interested hydro-meteorological variables) to more sophisticated statistical or physical model-based measures (e.g., the Standardized indices [39] [40] [41] and the Palmer Index [29] ). Despite their popularity in the research community, the sophisticated metrics generally possess a number of limitations for operational usage. For example, those indicators often lack spatial and temporal consistency in a statistical sense. Particularly, a specific value (or drought severity level) of an index may have different occurrence probabilities at different locations and different times [42] . In addition, they are generally not comparable with each other and are disconnected from historic conditions and relative risk [42] . Those properties make it difficult for decision-makers to make sound decisions based on them. A recent study conducted a survey of 19 drought managers from western U.S. states. The study found out that 16 out of 18 states did not use their indicators in their drought plans since they found them "not at all useful", "never tested", "a guess", among others [43] . In light of this observation, this study employs parsimonious metrics including the percentiles-based drought categories (Table 3) , percent of average, and historical rank, mainly because these metrics are the primary metrics applied in drought management practices across California. 
Results
Development of the 2012-2015 California Drought
Water year 2011 preceding the 2012-2015 drought has above average precipitation, A1 SWE, AJ FNF, and reservoir storage statewide and in the SAC, SJQ, and TUL regions ( Figure 2 ). In contrast, water years 2012-2015 indicate significantly below average precipitation, A1 SWE, and AJ FNF on the annual scale. Reservoir storages by the end of the water year 2012 (September 2012), however, are slightly above average statewide as well as for SAC and SJQ regions. In general, an overall declining trend is evident in all four variables from 2011-2015 except for that statewide precipitation in 2015 is higher than the previous three years. Among four variables, A1 SWE has the largest deficit followed by the AJ FNF. In 2015, the statewide A1 SWE (AJ FNF/reservoir storage) is only 5% (23%/58%) of average. Among the three regions, the TUL region tends to be impacted the most with the lowest percent of average (POA) values in four variables in 2015. Overall, from 2012-2015, the progressively increasing severity of the drought is evident.
Four-year (2012-2015) accumulated deficiencies in those four variables presented in Figure 2 are determined (Table 4) . Statewide, a shortfall of 117% of average (660 mm) in precipitation is observed from 2012-2015. This shortfall has a cascading effect, leading to shortfalls in snowpack (280% accumulated deficiency in A1 SWE), streamflow (220% deficiency in AJ FNF), and reservoir storage (93% deficiency). Similar deficits are also evident for the other three regions. In general, the TUL region has the largest deficiencies (in percent of average) for all four variables, indicating that the region has the most severe drought conditions in the Central Valley. This is in line with what Figure 2 illustrates. Among the four variables, snowpack indicates the most significant shortage on average, with a percent of average value consistently above 250% for all study regions. This is also consistent with what Figure 2 shows regarding the snowpack conditions. It is worth noting that for the SJQ region, the deficiency in AJ FNF (260% of average) is slightly higher than that of the A1 SWE (250% of average). This is due to the fact that snow is not the unique source for AJ FNF. Precipitation within the period from April to July is another contributor. The deficiency in AJ FNF partially stems from the lack of April-July precipitation over the SJQ region. It should also be highlighted that the deficiencies in snowpack are far more significant than precipitation. This is due to the fact that temperature is an important factor in snowfall and rainfall partition from precipitation as well as the accumulation of snowpack.
Results
Development of the 2012-2015 California Drought
Water year 2011 preceding the 2012-2015 drought has above average precipitation, A1 SWE, AJ FNF, and reservoir storage statewide and in the SAC, SJQ, and TUL regions ( Figure 2 ). In contrast, water years 2012-2015 indicate significantly below average precipitation, A1 SWE, and AJ FNF on the annual scale. Reservoir storages by the end of the water year 2012 (September 2012), however, are slightly above average statewide as well as for SAC and SJQ regions. In general, an overall declining trend is evident in all four variables from 2011-2015 except for that statewide precipitation in 2015 is higher than the previous three years. Among four variables, A1 SWE has the largest deficit followed by the AJ FNF. In 2015, the statewide A1 SWE (AJ FNF/reservoir storage) is only 5% (23%/58%) of average. Among the three regions, the TUL region tends to be impacted the most with the lowest percent of average (POA) values in four variables in 2015. Overall, from 2012-2015, the progressively increasing severity of the drought is evident. Table 2 . The average value (applied in POA calculation) is determined for the entire record period as tabulated in Table 2 .
The departures of annual average temperature from the long-term (1896-2015) average values for the past five years are calculated (Figure 3a) . In 2011, statewide temperature is slightly (0.05 • C) above the long-term average. For three Central Valley regions, it is slightly below the long-term average (−0.32 • C for SAC; −0.09 • C for SJQ and TUL). However, since 2011, annual average temperature for each region is consistently above the long-term mean. Statewide, increases (over long-term average) in annual average temperature from 2012-2015 are 0.83 • C, 1.12 • C, 1.71 • C, and 2.24 • C, respectively. A similar monotonically increasing trend in the departure is also observed for three Central Valley regions. In comparison, increases in the SAC region are the least significant. In the record period (1896-2015), year 2015 is the hottest year followed by 2014 statewide. High temperature along with shortfalls in precipitation leads to significantly lower than average A1 SWE (Figure 2 ; Table 4) .
Groundwater provides about 40% of the urban and agricultural water demand across the state. Groundwater usages in regions SAC, SJQ, and TUL account for 30%, 38%, and 53% of respective total regional water use. During drought periods when surface water supplies are reduced, groundwater usage typically increases to mitigate the adverse impact of water shortage. This is the case for the 2012-2015 drought across the state (Figure 3b each region is consistently above the long-term mean. Statewide, increases (over long-term average) in annual average temperature from 2012-2015 are 0.83 °C, 1.12 °C, 1.71 °C, and 2.24 °C, respectively. A similar monotonically increasing trend in the departure is also observed for three Central Valley regions. In comparison, increases in the SAC region are the least significant. In the record period (1896-2015), year 2015 is the hottest year followed by 2014 statewide. High temperature along with shortfalls in precipitation leads to significantly lower than average A1 SWE (Figure 2 ; Table 4 ). 
Temporal Characteristics of the Drought
To obtain a general understanding on the severity of the drought at different temporal scales, the 28 variables tabulated in Table 2 are ranked in their corresponding record periods according to their specific values at one-to four-year levels. For temperature, the highest value is ranked first, indicating the hottest condition. For other variables, the lowest value is ranked first, indicative of the driest condition. Either way, rank one generally indicates the most severe drought condition.
Drought monitor categories of statewide precipitation, 8SI, 5SI, and 6SI at one-to four-year levels are shown first (Figure 4 In addition to drought monitor category, it is also a common practice in drought planning and management to compare the driest periods at different levels of periods. The ten driest periods in terms of statewide precipitation at one-to four-year levels are applied as an example ( Figure 6 ). It is clear that year 1924 receives the lowest annual precipitation (Figure 6a ) followed by 1977. At two-year, three-year, and four-year levels, the periods 1976-1977, 2012-2014, and 2012-2015 observe the lowest amount of precipitation, respectively (Figure 6b-d) . This indicates that, at one-year and two-year levels, no sub-periods of 2012-2015 are unprecedented in terms of precipitation, whilst it is the case at three-year and four-year levels. Though not making the top of the list, water year 2014 is the third driest year (Figure 6a) ; the precipitation amounts of 2014-2015 and 2013-2014 rank the second the third lowest, respectively, at the two-year level. These observations are generally consistent with what is shown in Figure 4 . In addition to drought monitor category, it is also a common practice in drought planning and management to compare the driest periods at different levels of periods. The ten driest periods in terms of statewide precipitation at one-to four-year levels are applied as an example ( Figure 6 ). It is clear that year 1924 receives the lowest annual precipitation (Figure 6a ) followed by 1977. At two-year, three-year, and four-year levels, the periods 1976-1977, 2012-2014, and 2012-2015 observe the lowest amount of precipitation, respectively (Figure 6b-d) . This indicates that, at one-year and two-year levels, no sub-periods of 2012-2015 are unprecedented in terms of precipitation, whilst it is the case at three-year and four-year levels. Though not making the top of the list, water year 2014 is the third driest year (Figure 6a) ; the precipitation amounts of 2014-2015 and 2013-2014 rank the second the third lowest, respectively, at the two-year level. These observations are generally consistent with what is shown in Figure 4 . Instrumental data are often limited by the length of the record period. Reconstructed paleoclimatic data supplement the instrumental data in terms of extending the analysis period, making it feasible to assess current drought events on a millennial scale. Based on reconstructed flow data (dating back to 900) and corresponding observed data (in the instrumental period), the SAC4 and SJQ4 annual FNFs at different levels of years within 2012-2015 are analyzed in a paleoclimatic context (Figure 7 ). Looking at a single year, only water year 2015 is a top 10 driest (rank sixth) year in terms of annual FNF for the SJQ four rivers. At the two-year level, the period 2014-2015 ranks third for the SJQ4 and fifth for the SAC4. On the three-year scale, average annual FNF of 2013-2015 for the SJQ4 and the SAC4 ranks first and seventh, respectively. At the four-year level, 2012-2015 FNF of the SJQ4 is also unparalleled, while it is the second lowest for SAC4. This Instrumental data are often limited by the length of the record period. Reconstructed paleoclimatic data supplement the instrumental data in terms of extending the analysis period, making it feasible to assess current drought events on a millennial scale. Based on reconstructed flow data (dating back to 900) and corresponding observed data (in the instrumental period), the SAC4 and SJQ4 annual FNFs at different levels of years within 2012-2015 are analyzed in a paleoclimatic context (Figure 7 ). Looking at a single year, only water year 2015 is a top 10 driest (rank sixth) year in terms of annual FNF for the SJQ four rivers. At the two-year level, the period 2014-2015 ranks third for the SJQ4 and fifth for the SAC4. On the three-year scale, average annual FNF of 2013-2015 for the SJQ4 and the SAC4 ranks first and seventh, respectively. At the four-year level, 2012-2015 FNF of the SJQ4 is also unparalleled, while it is the second lowest for SAC4. This shows that at three-year and four-year levels, the drought conditions (measured by annual FNF) in San Joaquin region are exceptional even within a prolonged millennial period (900-2015), while it is not the case for the Sacramento region. At one-year and two-year levels, neither of these two regions observes unprecedented annual FNFs. shows that at three-year and four-year levels, the drought conditions (measured by annual FNF) in San Joaquin region are exceptional even within a prolonged millennial period (900-2015), while it is not the case for the Sacramento region. At one-year and two-year levels, neither of these two regions observes unprecedented annual FNFs. In addition to statewide precipitation and annual FNF for the SAC4 and the SJQ4, other variables (as tabulated in Table 2 ) are also ranked in their record periods. The corresponding periods at one-to four-year levels when these variables rank first are presented in this study (Table 5) In addition to statewide precipitation and annual FNF for the SAC4 and the SJQ4, other variables (as tabulated in Table 2 ) are also ranked in their record periods. The corresponding periods at one-to four-year levels when these variables rank first are presented in this study (Table 5) To identify which sub-periods within 2012-2015 have the most severe conditions, the number of variables ranked first is counted for each one-to four-year sub-period (Figure 8 ). It is evident that at the one-year level, no variables in (water) year 2012, year 2013, or year 2014 rank first in the record period. However, in 2015, 14 out of 28 variables rank first (three statewide and for the SAC region; four for the SJQ region and the TUL region each). At the two-year level, 14 variables rank first in 2014-2015 (three statewide, the SAC region, and the SJQ region each; five for the TUL region) versus none in other two two-year sub-periods. Looking at the three-year level, the sub-period 2013-2015 tends to be the drier one with 16 variables ranked first (three statewide and for the SAC region; five for the SJQ region and the TUL region each) versus one in 2012-2014. At the four-year scale, 20 out of 28 variables rank first (five statewide and for the TUL region; four for the SAC region; six for the SJQ region). Overall, it is evident that, within the period 2012-2015, 2015, 2014-2015, and 2013-2015 have the most (more) significant drought conditions at one-to three-year levels, respectively. At the four-year level, 2012-2015 is not unprecedented for eight out of 28 variables considered. -2015 and 1928-1931 for the SAC region and the SJQ region, respectively. In a paleoclimatic context, the one-year and two-year periods with the lowest annual FNF are 1580 and 1579-1580, respectively, for both the SAC region and the SJQ region. At three-year and four-year levels, as also indicated in Figure 7 , the SJQ region observes the lowest annual FNF during the periods 2013-2015 and 2012-2015, respectively. For the SAC region, the corresponding periods are 1578-1580 and 1931-1934, respectively. In general, though differences exist across different regions, the period 2012-2015 and sub-periods within it are not unparalleled for all variables. Table 5 . Periods with hydroclimatic variables ranked first in the record period 1 . 
Statewide
Spatial Characteristics of the Drought
To investigate the spatial characteristics of the 2012-2015 drought, precipitation, temperature, AJ and annual FNF, and reservoir storage (September) are compared to the average conditions at the (hydrologic) regional scale in the driest one-to four-year sub-periods within 2012-2015 ( Figure 9 ). It should be highlighted that the Colorado Region depends on the Colorado River for the majority of its water resources. The full natural flow and reservoir storage data of this region are normally not collected by CDWR and thus are not presented in this study.
It is clear that all regions observe less than average (percent of average less than 100%) precipitation during the 2012-2015 drought (Figure 9a-d) . Particularly, both the SJQ region and the TUL region have the lowest percent of average among all regions at the one-year level (Figure 9a ). At two-to four-year levels, the South Coast Region tops the list with percent of average values consistently less than 60%, followed by the SJQ Region and the TUL region (Figure 9c,d) . The Central Coast Region is the next driest region following those three regions in all four periods. In comparison, three northern regions (North Coast, Sacramento, and North Lahontan) have distinctly higher percent of average (mostly above 70%) in all four periods considered, indicating that these regions have relatively less significant shortage in precipitation during the drought.
It is also evident that all regions have higher than average temperature in the past four years (Figure 9e-h) . Particularly, the temperatures of all regions in 2015 exceed their corresponding long-term averages by an amount over 2 • C consistently (Figure 9e ). Among all regions, the South Coast Region observes the most significant increases (above the long-term average) in temperature at all four temporal levels investigated, followed by the Central Coast Region. In comparison, temperature increases in the Central Valley regions are relatively milder. For instance, in 2015, the temperature of the South Coast region is 2.6 • C higher than the long-term average, while it is 2.2 • C for three Central Valley regions (Figure 9e ).
It is noticeable that all regions observe less than one third of their average AJ FNF in 2015 (Figure 9i ). This is most likely caused by record high temperature (Figure 9e Coast region and the North Coast region rank second and fourth, respectively, at all four temporal levels. In contrast, the San Francisco region reservoir storages are nearly at the average (ranging from 95% to 98% of average) in all four periods investigated. In general, large differences are observed across different regions and different temporal scales. Water year 2015 tends to be the hottest year for all regions with the lowest AJ FNF recorded for every Figure 9 . Precipitation, temperature, AJ FNF, annual FNF, and September reservoir storage (first to fifth row, respectively) of the driest one-to four-year (first to fourth column, respectively) periods within 2012-2015 by hydrologic region. For temperature (e-h), the numbers highlighted in each region denote the amount above average value (in • C); for other variables, the numbers represent the percent of average values (in %).
Looking at reservoir storage (September), the North Lahontan Region has the lowest percent of average values (the TUL region ranks third) at one-to three-year levels while the TUL region has the lowest percent of average (North Lahontan region ranks third) at the four-year level. The Central Coast region and the North Coast region rank second and fourth, respectively, at all four temporal levels. In contrast, the San Francisco region reservoir storages are nearly at the average (ranging from 95% to 98% of average) in all four periods investigated.
In general, large differences are observed across different regions and different temporal scales. Water year 2015 tends to be the hottest year for all regions with the lowest AJ FNF recorded for every region. During the four-year period (2012) (2013) (2014) (2015) , all regions also have higher than normal temperature along with significant shortages in precipitation, AJ FNF, annual FNF, and reservoir storage. On average, the shortage in AJ FNF is the most significant. Judging by precipitation, the South Coast Region is the driest during the 2012-2015 drought, followed by the San Joaquin Region and TUL region. Assessing by temperature, the South Coast Region is the hottest during the drought with the Central Coast Region ranked second. Looking at streamflow runoff, the South Coast Region, Central Coast Region, and TUL region observe the most deficiencies. Measuring by reservoir storage, the North Lahontan Region, Central Coast Region, and TUL region generally have the most severe conditions. Statewide, the percent of average values of precipitation, AJ FNF, annual FNF, and reservoir storage at four-year level are generally the highest comparing to their corresponding counterparts at other three temporal scales. The above average temperature is also the lowest at the four-year level. Those observations indicate that drought severity conditions are relatively milder in a longer period. This is due to the fact that drought conditions vary year to year and the severity is normally averaged out when looking over a longer period.
Discussion and Conclusions
This study examined the development of the 2012-2015 California drought and assessed the temporal and spatial patterns of the drought in a hydroclimatic framework. Observed and reconstructed operational hydrologic indices and variables employed in water resources planning and management practices at statewide and (hydrologic) regional scales were applied for this purpose. Parsimonious metrics typically used in operational drought assessment and management actions including the drought monitor category, percent of average, and rank were utilized to facilitate the analysis. The drought was characterized by below average precipitation and well above average temperature in the drought period, record low snowpack (statewide accumulated deficit: 280%-of-average), exceptionally low April-July runoff (statewide accumulated deficit 220%-of-average), and significantly below average reservoir storage (statewide four-year accumulated deficit 93%-of-average). Within the period from 2012-2015, in general, water year 2015 stood out as the driest single year; 2014-2015 was the driest two-year period; 2013-2015 tended to be the driest three-year period. Contrary to some previous studies stating that the 2012-2015 drought was unprecedented [28, 30] , this study illustrated that measuring by a certain number of variables (8 out of 28), the 2012-2015 drought was not without precedent in the record period.
On the spatial scale, based on precipitation, temperature, and full natural flow data, the South Coast Region, the Central Coast Region, the Tulare Region, and the San Joaquin Region generally had the most severe drought conditions. However, the North Lahontan Region, the Central Coast Region, the Tulare Region, and the North Coast Region had the lowest reservoir storage in the record period in terms of percent of average. This difference most likely stemmed from the fact that reservoirs are largely regulated for different purposes including water supply, flood control, hydropower generation, and recreation, among others. Reservoir storage is thus a variable reflecting both natural and anthropogenic footprints, which is different from other variables including precipitation, temperature, and full natural flow.
This extraordinary drought had both well perceived and more profound adverse impacts on the economy, society, and environment of the state. It caused progressive canopy water loss in California's forests and devastating wildfires in the mountainous areas [7] . It also caused widespread water quality deterioration in streams and wetlands, leading to degraded habitat for native fishes and water birds and significantly reduced their populations [11] . The drought also had significant impact on the economy of the state particularly on the agriculture sector [13] . In light of these adverse impacts, water usage and management adaptions have been taken across the state to mitigate those impacts. Water conservation efforts have been ongoing, including the mandate of 25% cut in urban water usage and shifts toward perennial high revenue (per unit of water usage) crops in agriculture. The drought has also led to the enactment of the most comprehensive groundwater legislation, the Sustainable Groundwater Management Act (SGMA), in state history.
In a nutshell, this drought highlighted that California's water supply system and ecosystem are susceptible and vulnerable to extreme drought events, as is the case for many other regions facing water scarcity. Projected warming [45] [46] [47] , intensified occurrence of hydroclimatic extremes [31, [48] [49] [50] [51] , and population increase [52] in the near future along with aging water infrastructure [53] pose further challenges for water managers striving to maintain the balance between reliable water supplies and healthy ecosystems. This study, from a retrospective standpoint, provides meaningful information for water managers to make effective adaptive management plans (in the context of guiding when and where to focus the adaption and recovery efforts based on the temporal and spatial patterns of the drought identified). From a prospective perspective, this study lays foundation for further drought responses should drought events (similar to the 2012-2015 drought in terms of severity and extent) reoccur. water managers to make effective adaptive management plans (in the context of guiding when and where to focus the adaption and recovery efforts based on the temporal and spatial patterns of the drought identified). From a prospective perspective, this study lays foundation for further drought responses should drought events (similar to the 2012-2015 drought in terms of severity and extent) reoccur.
